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INTRODUCTION
The "Person overboard" (PoB) accident represents a special case within the field of maritime rescue operations. Various statistics reveal that only 5-10 % of people incurring such accidents could be saved alive -even under convenient environmental conditions. Regarding merchant ships it is a little known fact that the number of casualties due to PoB accidents ranges around that due to ship losses, revealing the significance of such accidents. Averaged over a decade, this number amounts to 1000 deaths per annum [3, 4] .
Basically, two important aspects are crucial for increasing the survivability of the PoB. First of all, the person is obliged to wear a life jacket at work, and second, the crew's response has to be instant. In particular, a fast response is one of the main objectives of the AGaPaS project. Due to the self activating rescue process in combination with the free fall launch of the rescue vessel, the drifting person can be reached within a few minutes, raising the chances of survival significantly -even in cold water.
The project, which is funded by the German government and in progress since October 2008, accounts for all aspects of the rescue process including:
Proceedings of the ASME 2011 30th International Conference on Ocean, Offshore and Arctic Engineering OMAE2011 June 19-24, 2011, Rotterdam, The Netherlands  the life jacket, equipped with various sensors and a radio transmitter,  the construction and equipment of the rescue vessel,  a real time positioning and guidance system for the rescue vessel based on Galileo,  a recovery unit for the PoB,  a recovery system for the rescue vessel and  the integration of the SAR-station into a conventional bridge system.
The rescue vessel is designed as a catamaran (Fig. 1) , because the superior maneuverability in combination with the slender hulls of this concept reduce the risk of a collision with the PoB significantly, thereby raising the chances of a successful recovery operation.
The final design of the rescue vessel however features an organic shape with round surfaces, which are more robust than even plates. It offers very high longitudinal and transversal stability ( Fig. 2) , a high payload capacity and a good free fall behavior at adequate space requirements. Using an articulated rescue basket, providing a width of 1.5 m, the recovery operation is promising. Due to the raised and recessed roof edge, the risk of a collision between the rescue vessel and the PoB is negligible. The hull speed is about 5.5 kn, though the maximum speed is expected to be higher. The total weight amounts to 1.25 tons according to preliminary weight calculations.
As a result of the research project a fully operational test model at full scale is designed and built. 
PHASES OF A FREE FALL
To ensure the required fast response in case of a PoB accident, the free fall capability is one of the most important attributes of the rescue catamaran. The demands on the design however, are quite challenging, because, except for the fact that the rescue vessel is a catamaran, the launch process must be accomplishable at full cruising speed. Thus, the expected structural loads can be large. Taking this into account, the analysis of the free fall process is crucial for a successfully working rescue system.
The entire free fall process -starting with the release of the rescue vessel and ending with the rescue vessel floating on an even keel -can be divided into four phases:
By analyzing the first three phases, the start conditions of the immersion phase can be determined. The computing time for the CFD calculations can be reduced significantly by only investigating the immersion phase of the rescue vessel, which lasts 1 to 2 seconds. The resulting motion parameters at the end of the first three phases serve as the input for the CFD analysis. In the following all four phases will be described in detail:
Ramp phase
The ramp phase starts with the release of the rescue vessel and lasts until the center of gravity reaches the position vertically above the end of the ramp. The motion of the vessel during this phase corresponds to sliding on an inclined plane without friction (Fig. 3) . The velocity of the rescue vessel at the end of the ramp phase can be calculated by the equation of motion. The friction coefficient is set to zero, because the vessel slides on rolls installed at the ramp.
The catamaran, sliding down the inclined plane, accelerates in a horizontal as well as vertical direction. The angular acceleration however, is zero. In this phase only the ramp angle but not the height of the ramp influences the motion behavior.
Rotation
The phase of rotation starts immediately after the ramp phase and ends when the hull loses contact with the ramp (Fig. 4 ). Motion of the vessel during the rotation phase
As before, the hull accelerates horizontally and vertically at the same time. In this phase an additional moment occurs, so that the vessel experiences an angular acceleration. Because of the changing lever arm, which is defined by the distance between the center of gravity of the vessel and the end of the ramp, the equation of motion has to be solved iteratively. Again, the height of the ramp has no affect on the motion of the vessel.
Free Fall
Once the hull loses contact with the ramp, the phase of free fall begins. Within this phase only gravity affects the hull. Thus, the vessel moves with a constant horizontal and angular velocity, while it continues to accelerate in the vertical direction. The free fall phase ends with the first contact of the catamaran with the free water surface (Fig.5 ).
In this case the height of the ramp is decisive as it affects the time of acceleration, the horizontal position of impact as well as the impact angle. 
Immersion phase
This phase starts with the first contact of the hull with the water. The forces due to the impact are caused by hydrostatic and hydrodynamic effects, which can be separated into buoyancy, momentum and drag forces.
The buoyancy force, acting at the center of the displaced volume, is directed against the gravity force. It causes a turning moment, which counteracts the rotation of the hull, resulting from the previous two phases. In addition, drag forces occur, which result from viscous pressure resistance, frictional resistance, wave resistance and splash resistance. All forces can be separated into horizontal and vertical components.
Due to the immersion of the bow and thereby the strong braking of the hull, high accelerations occur. As at this moment the center of buoyancy is in front of the center of gravity, a large turning moment is caused, which works against the rotation of the hull. Hence, the stern of the vessel is accelerated up to the point when it dashes against the free surface. It would be optimal if, due to the rotation, a large part of the vertical motion energy could be redirected into the horizontal direction.
As all equations depend on the orientation and position of the hull, the solution must be found iteratively. This can be done by means of CFD analyses.
RAMP CONFIGURATIONS
Within this paper it is assumed that the launch of the vessel is accomplished under ideal conditions. This implies the negligence of wind and waves. As these parameters can significantly change the results, further investigations may be necessary in the future.
To identify favourable free fall parameters, various ramp configurations are investigated. Basically, three parameters have been varied:
 ship speed: 0 kn, 7.5 kn and 15 kn  ramp height: 7.5 m and 15 m  ramp angle:
20°, 30°, 40°, 50° and 60°
The above mentioned parameters yield 30 cases. Each configuration can be calculated for the first three phases by solving the equation of motion and results in certain input parameters for the CFD analysis for when the hull starts to touch the water surface.
The length of the ramp, which is not varied, is defined to 6.75 m, which corresponds to 1.5 times the length of the hull. The ramp height refers to the vertical position of the center of gravity of the vessel.
As presented in Fig. 6 , the horizontal velocity reaches its maximum between a ramp angle of 30° and 40°, independent of the ship speed. Note, that at high speeds of the mother ship the rescue vessel will impact the water with a negative velocity. Since a high speed in horizontal direction is advantageous to avoid a collision with the mother ship, a ramp angle between 30° and 40° seems to be the best choice for achieving a maximum distance to the mother ship. Fig. 7 shows the dependency of the vertical velocity on the ramp angle and on the ramp height. The velocity rises with increasing ramp height, but again, an optimum is reached between 30° and 40°, leading to minimal vertical impact velocities. The diagram in Fig. 8 reveals that the angular velocity increases with decreasing ramp angles. This is due to the fact that at small ramp angles the phase of rotation lasts longer and the effective lever arm increases. Fortunately, the effect of the angular velocity on the impact is very limited as most of the kinetic energy is stored in the vertical and horizontal velocity of the vessel.
Finally, Fig. 9 presents how the impact angle changes when the ramp angle or the ramp height is varied. At a ramp height of 7.5 m, a ramp angle of 30° seems to be the best choice, whereas at a ramp height of 15 m, an angle of 40° appears to be ideal.
Summarizing the results, all relevant data indicates that a ramp angle between 30° and 40° is more or less ideal. If the ramp height is large, the ideal ramp angle tends towards 40°, whereas if the ramp height is rather small, a ramp angle of 30° is preferred.
CFD
Computational Fluid Dynamic (CFD) analyses are conducted for simulating the surface impact and the immersion phase of the vessel after its free fall (Fig. 10) . For the present calculations the commercial solver Ansys Fluent 12.1 is applied to numerically solve the system of partial differential equations, comprising the Navier-Stokes-equations and the Volume of Fluid (VOF) equation, therefore obtaining all variables of the flow [5] . The regarded space is separated into two volumes, a large cuboid and a smaller sphere, joined by a dynamic fluid zone. The sphere, which is located inside the cuboid, encloses and moves with the ship. The entire discretization holds around 1.4 million unstructured tetraeder cells, whereby approximately 1 million cells are located inside the sphere. The size of the cells reduces with decreasing distance to the ship, leading to a very fine mesh at the body surface. During the ship's impact, inertia forces are dominant over viscous forces, and tests have shown that the influence of turbulence is very small so that it can be neglected. Therefore, the calculation time can be optimized by applying a laminar flow model. However, Fluent does not completely neglect viscous forces when applying the laminar flow model, but accounts for shear stresses, which are defined as the normal velocity gradient at the wall [6] .
The vessel's motion is computed by Fluent's standard 6 Degrees of Freedom (6 DOF) method, which sets the pressure and inertia forces for the moving ship hull to an equilibrium for every time step. The inertia moments for the principle axes are considered and derive from a preliminary weight calculation. To regard the ship's motion, the dynamic grid methods "smoothing" and "remeshing" are applied to ensure an automated distortion and adaption of the mesh. The "coupled solver" calculates the pressure correction. This leads to an increase in the required memory but also to a significant reduction in the number of time steps, which are required to satisfy the convergence criteria.
During the immersion of the vessel into the water, high accelerations and pressure loads occur. While the pressure loads may contribute to future strength calculations of the hull, the characteristics of motion are important to analyze the consequences for the installed equipment. At this design stage the key parameters include a limited acceleration for the bow and stern, as well as an efficient transformation of the vertically directed motion into a horizontal speed, directed away from the mother ship to avoid a collision. Besides contributing to the optimization of the hull geometry, the calculations also help to identify favourable as well as disadvantageous free fall cases, which feature numerous combinations of vertical speeds, horizontal speeds and rotational speeds depending on the ramp configuration. An overview of the CFD results, related to a ramp height of 7.5 m, is presented in Fig. 11 . Displayed are the absolute accelerations during the impact depending on the ramp angle. The three diagrams on the left show the occurring accelerations at the bow, while the diagrams on the right refer to the accelerations at the stern (Fig. 12) . In the middle however, the results relate to the center of gravity are displayed. Moreover, the diagrams in the top row contain results for the stationary condition (ship speed 0 kn). The second row shows results for a cruising speed of 7.5 kn and the last row refers to a speed of 15 kn.
It should be noted that the variation of the results due to different ramp angles is very small for each diagram. Though there are some noticeable time shifts regarding the occurrence of the acceleration peaks, the height of the peaks agree well within each diagram. The impact angles vary significantly less than the ramp angles do. As presented in Fig. 9 , the impact angle changes for about 10° (7.5 m) to 15° (15 m), whereas the ramp angle is altered from 20° to 60°. This leads to very similar lines for the acceleration within each plot of Fig. 11 .
The absolute acceleration depends on the ship speed. While at the bow (left side) the absolute acceleration decreases with increasing ship speed, the situation at the stern is the opposite. At the stern the absolute acceleration is largest at high ship speeds. In both cases the maximum acceleration is about 8.5 g for the stationary condition. At the center of gravity however, the ship speed seems to have only little impact on the absolute accelerations, which fluctuate around 4 g. A reason for the stern's increasing absolute acceleration at high speeds is the negative horizontal impact velocity, which causes a huge turning moment leading to high impact velocities of the stern. Due to the flat shape of the transom stern, the effect of the deceleration is particularly strong. Hence, sensitive equipment should be installed near the center of gravity, as there the absolute accelerations are low compared to other areas of the rescue vessel. In addition, for this position the ship speed has almost no effect on the occurring absolute accelerations.
Besides the absolute acceleration, several other qualities are determined during the CFD calculation, such as the horizontal and vertical velocity components, the angular velocity as well as the absolute angle of the vessel. Fig. 13 presents these results as an example for the following ramp configuration:
7.5 m  ramp angle: 30°  ship speed: 7.5 kn As expected, the bow (green line) responds first upon impact, reaching a first peak acceleration at about 0.08 s after contact with the water surface and a second one at about 0.28 s when the roof dashes onto the water. At the stern (red line) however, the peak acceleration is reached at about 0.35 s, when the flat bottom of the transom stern hits the water. The angular velocity reaches its maximum of 135°/s just before the stern touches the free surface.
MODEL TEST SETUP
The The fully equipped model contains a movable rescue basket, various sensors, a camera and a computer. Thus, the propeller thrust, the rudder angle, the shaft revolutions as well as the voltage and current consumption can be measured. In addition, an inertia sensor is installed to detect the translational accelerations as well as the angular velocities for all six degrees of freedom. This sensor is limited to accelerations of 18 g and angular velocities of up to 300°/s. Thus, the occurring acceleration during the free fall launch can be recorded on the computer. As the remote controlled model is completely wireless, all data is accessed via remote desktop.
VALIDATION
A comparison of the motion behavior during the impact is illustrated in Fig. 15 (ramp height 7.5 m, ramp angle 30° and ship speed 7.5 kn). The model of the rescue catamaran and the calculated hull show a very good agreement regarding the orientation and immersion.
The agreement of the measured and calculated absolute accelerations is illustrated in Fig. 16 and Fig. 17 . A very good agreement can be observed between the measured and the calculated values. Both the chronological positions, as well as the absolute values of the acceleration, match almost perfectly. The first acceleration peak, caused by the braking effect of the slender hulls, is significantly smaller than the second peak, which occurs when the roof dashes into the water, instantly increasing the buoyancy forces. Due to the large number of configurations, only a selection of examples can be displayed. However, the general agreement of the whole series is very similar.
RMS-ACCELERATION
It is difficult to evaluate the results of the model tests and the CFD calculations, because the high acceleration peaks occur only for a very short time. The dwell time however, plays an important role on the effect of the acceleration peaks. If the peak lasts only 0.01 s the impact on the structure is significantly less compared to a peak of the same height lasting 0.5 s. Thus, overrating high frequency acceleration peaks must be avoided. Civil engineers are faced with the same problem in the case of an earthquake. To overcome this problem the so called rmsacceleration is introduced (rms = root mean square) [7] :
The effect of a high but short acceleration is limited and represented by the rms-acceleration. Hence, the rmsacceleration is used as a comparative value for the free fall analyses. The duration of the significant loads is set to T d = 0.5 s, because during the impact, this period contains the characteristic acceleration peaks. The results of the rms-acceleration are presented in Fig. 18 . The highest effective accelerations are below 4.5 g.
CONCLUSIONS
Within the scope of the research project "AGaPaS" a self activating and autonomously operating rescue vessel to recover persons in distress at sea has to be developed.
To ensure the operability of the rescue catamaran after a free fall launch, detailed investigations by model tests and CFD calculations are conducted. By means of CFD analyses a knowledge basis could be developed, delivering valuable results to improve the structural design of the catamaran, as well as knowledge of the location for the installation of sensitive equipment. Adjacent model tests were carried out to validate the results of the numerical methods. It could be proved that the agreement between the CFD results and the model test results is very good. Finally, the effects of short-time acceleration peaks are discussed. To avoid an overestimation of these high frequency peaks the so called rms-acceleration is introduced and applied.
OUTLOOK
So far, all investigations are limited to ideal conditions, which imply the negligence of wind, waves or the wake field of the mother ship. Thus, further numerical calculations, as well as model tests have to be conducted to determine and validate the effect of waves on the motion behaviour during the impact. In addition, seakeeping and manoeuvring have to be investigated in detail.
Subsequently, a fully operational model will be built at full scale and tested at sea.
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